The structural properties of Na2RuO3 under pressure are studied using density functional theory within the generalized gradient approximation (GGA). We found that one may expect a structural transition at ∼ 3 GPa. This structure at the high-pressure phase is exactly the same as the low-temperature structure of Li2RuO3 (at ambient pressure) and is characterized by the P 21/m space group. Ru ions form dimers in this phase and one may expect strong modification of the electronic and magnetic properties in Na2RuO3 at pressure higher than 3 GPa.
INTRODUCTION
Compounds with the honeycomb lattice are under intensive study in last two decades, since many of them show intriguing and sometimes rather unexpected physical properties. There are materials demonstrating the spin gap behaviour as, e.g., (Na, Li) 3 Cu 2 SbO 6 [1, 2, 3] , α−MoCl 3 [4] and systems having different types of the long range magnetic order in the low-temperature (LT) region: zigzag antiferromagnet (AFM) as, e.g., Na 2 Co 2 TeO 6 [5, 6] , Neel AFM (Li 2 MnO 3 [7, 8] and possibly SrRu 2 O 6 [9] ), and even ferromagnetic honeycomb planes, as in Ni 3 TeO 6 [10] . Moreover, they can host an unusual spin-liquid ground state as was proposed by Kitaev [11] . While initial candidate, Na 2 IrO 3 [12] , does not seem to be a physical realization of the Kitaev model, another system, α−RuCl 3 , is under a close investigation now [13, 14, 15] .
Another very important class of materials having honeycomb lattice are the systems, where this lattice turns out to be dimerized at the LT phase. One of the examples is Li 2 RuO 3 . This is a layered material. In the low-temperature (LT) phase two out of six Ru-Ru bonds in a hexagon dimerize, which results in formation of the spin gap [16] . With increase of temperature Li 2 RuO 3 exhibits an unusual phase transition at T d ∼ 540K, which was initially thought as a transition from a dimerized to uniform structure [17] . However, more careful study using X-ray pair distribution function analysis shows that dimers as rigid units survive even at T > T d , while in the average this system can be described as undimerized, uniform (C2/m space group) [18] . Thus, this transition at T d was described as a transition to the so-called valence-bond liquid phase, where these Ru-Ru dimers start to flow over the honeycomb lattice [19] .
1) e-mail: darya.05.02@mail.ru Surprisingly, similar compound Na 2 RuO 3 order magnetically below T N ∼ 30 K (AFM zigzag) without any sizeable structural distortions in honeycomb lattice [20, 21] . In high-temperature phase Na 2 RuO 3 crystallizes in the same C2/m space group as Li 2 RuO 3 , but the volume of the unit cell in Na 2 RuO 3 is ∼ 5% larger. Thus, one might expect that under the pressure Na 2 RuO 3 may start to dimerize and exhibits all unusual properties as its sister compound Li 2 RuO 3 .
In the present work we study a possible formation of the dimerized crystal structure in Na 2 RuO 3 under pressure using first-principle calculations using density functional theory (DFT) in the generalized gradient approximation (GGA). We found, that at ∼ 3 GPa dimerized phase becomes lower in energy than uniform structure without any Ru-Ru dimers. Thus, we predict the phase transition to dimerized structure in Na 2 RuO 3 at ∼ 3 GPa, which may result in strong modification of the electronic and magnetic properties of Na 2 RuO 3 related to destroy of the long range magnetic order in the LT phase and formation of the spin gap.
CALCULATION DETAILS
The band structure calculations of Na 2 RuO 3 were mostly performed using the Vienna Ab-initio Simulation Package (VASP) [22, 23] . We utilized the projector augmented-wave (PAW) method [24] with the PerdewBurke Ernzerhof (PBE) GGA functional [25] . The energy cutoff was chosen to be E cutof f ∼ 500 eV and the 4×4×4 Monkhorst-Pack grid of k-points was used in the calculations. Analysis of the electronic structure was performed within the TB-LMTO-ASA code, which is based on the linearized muffin-tin orbital method [26] .
In this work we considered two crystal structures: uniform and dimerized ones. The uniform structure was taken from known experimental data [20] . The dimerized phase of Na 2 RuO 3 was obtained from corresponding Li 2 RuO 3 structure [16] , where the Li ions were substituted by the Na ions and volume of the unit cell was rescaled accordingly. For the crystal structure optimization we used conjugate gradient algorithm.
CRYSTAL STRUCTURE
The crystal structure of Na 2 RuO 3 consists of the magnetic honeycomb RuO 2 layers in the ab plane, which are separated by nonmagnetic sodiums (see Fig. 1 ). Other Na ions are in the hexagons formed by edge sharing RuO 6 octahedra. According to the chemical formula Ru ions have a valency 4+ with four electrons on the Ru t 2g orbitals, which results in S = 1.
At ambient pressure Na 2 RuO 3 (non-dimerized lattice) crystallizes in the monoclinic structure (space group C2/m). The lattice constants and atomic coordinates were determined in Ref. [20] : a=5.3456(1)Å, b=9.2552(18)Å, c=5.5504(1)Å, β=108.74(3)
• . The unit cell volume is 260.046Å
3 . There are two slightly different Ru-Ru bonds in the ab plane: a 1 = 3.084Å, a 2 = 3.089Å, so that r = a 2 /a 1 ∼ 1.
We used the LT Li 2 RuO 3 structure, which is described by the P 2 1 /m space group [16] , to create dimerized Na 2 RuO 3 structure. There are two nearly the same Ru-Ru bonds in the hexagon a 1 =3.045Åand a 3 =3.049Åand one short a 2 =2.568Å, so that the ratio between longest and shortest bonds is r ∼ 1.2 in Li 2 RuO 3 at the LT phase. Shortest Ru-Ru bonds form the herringbone structure. Schematic representations of both uniform and dimerized phases is shown in Fig. 2 . 
CALCULATION RESULTS
In this study we carried out the DFT calculations for non-dimerized (experimental) and dimerized (artificial) structures for several unit cell volumes. At each point the shape of the unit cell was fixed and positions of the Na, Ru, and O ions were optimized. Analysis of the calculation results shows that both structures survive in chosen volume range and do not transform to any other structure.
The volume dependence of total energies, E, is presented in Fig. 3(a) . One can see that the uniform structure of Na 2 RuO 3 , which is experimentally observed at ambient pressure, does have the lowest total energy and this structure corresponds to the global minimum of E(V ) in the GGA. However, the situation changes with decrease of the volume and the dimerized structure turns out to be the lowest in energy for V < 266Å
3 . Intristingly, the ratio between longest and shortest RuRu bonds in dimerized case is r = a 2 /a 1 ∼ 1.2, very close to what we have in Li 2 RuO 3 .
There were debates whether the structural structural transition in Li 2 RuO 3 is of first or second order [16, 27] , but recent differential thermal analysis demonstrates a heat anomaly at transition temperature, which is in favour of first order transition. In order to estimate critical pressure and volume jump for similar transition in Na 2 RuO 3 we first interpolated E(V ) (to have a smooth function) and then recalculated the pressure dependence on volume as P = −∂E/∂V , which is shown in Fig. 3(b) . Applying external pressure to undimerized phase of Na 2 RuO 3 we reduce volume of the unit cell down to critical value V undim , when the total energies of uniform and dimerized phases are the same. This point defines a critical pressure for transition, P c ∼ 3 GPa, see Fig. 3(b) . Further compression drives the system to the dimerized phase. Corresponding jump in the unit cell volume at the transition is δV = V undim − V dim ∼10Å 3 . Similar tran- sition in Li 2 RuO 3 (but caused by temperature) gives δV ∼ 8Å 3 [16] .
One may expect that in Na 2 RuO 3 there also (as in Li 2 RuO 3 ) can develop a spin gap in the dimerized phase, so that one might expect a decrease of magnetic susceptibility at P c , and the electronic structure of Na 2 RuO 3 can also be very different. One cannot estimate reliably the value of the spin gap using the GGA calculations, but it is rather straightforward to study the electronic structure of this phase. We chose for this different calculation scheme -so called tight-binding linearized muffintin orbitals method, as realized in the TB-LMTO-ASA code [26] . In contrast to VASP used for the volume optimization, in TB-LMTO-ASA one can easily change a local coordinate system for any ion. This helps in analysis of the electronic structure.
The partial density of state (DOS) plots for the Ru4d and O-2p states for Na 2 RuO 3 in the dimerized phase at the transition volume (∼ 267Å
3 on the unit cell), as calculated in the TB-LMTO-ASA, are presented in Fig. 4(b) . One may see that in the GGA approximation Na 2 RuO 3 is a metal, which is due to the absence of strong electronic correlations in this method [28] . The O-2p bands are in a region from -6.5 eV to -1.8 eV, whereas the Ru-t 2g states are located mostly in the energy interval from -1.5 eV to 1 eV.
The electronic structure in the vicinity of the Fermi level in the dimerized phase is shown in Fig. 4(c) . We used the local coordinate system with coordinate axes pointing to the oxygen ions. One may notice a strong bonding-antibonding splitting for part of the Ru t 2g states. These are the xy orbitals, which look to each other in the common edge geometry [18, 29, 30] . This large bonding-antibonding splitting is due to a direct overlap between the xy orbitals on two different sites forming Ru-Ru dimers. The splittings of the zx/zy states are much smaller. One may compare corresponding splittings in dimerized phases of Na 2 RuO 3 and Li 2 RuO 3 . The bonding-antibonding splitting between the xy orbitals in Na 2 RuO 3 is ∼ 2 eV, i.e. on ∼ 0.6 eV smaller than in Li 2 RuO 3 [18] . The dimers are mainly stabilized by the formation of these bonding orbitals and thus one may see that even at pressure Ru-Ru dimers are much less rigid and stable in Na 2 RuO 3 than in Li 2 RuO 3 . This also suggests that one may expect a smaller spin gap at low temperatures in the high-pressure phase of Na 2 RuO 3 (smaller than in Li 2 RuO 3 ).
In contrast to the dimerized case the width of the t 2g band in the uniform Na 2 RuO 3 at the transition volume is much smaller (in ∼ 2 times, see Fig. 4 (c) and (d)) because of the absence of bonding-antibonding splitting. Also the O-2p and Ru-4d states are separated by the energy gap about 1.6 eV.
In the end one needs to comment on possible importance of the strong electronic correlations in Na 2 RuO 3 . We have seen that the GGA overestimates equilibrium volume of the uniform phase on ∼6% (experimental unit cell volume is 260Å 3 whereas the minimum of the total energy in the GGA corresponds to ∼ 276Å 3 ; this is rather typical that the local density approximation (LDA) underestimates, while the GGA overestimates equilibrium volume [28] ). An account of the strong electronic correlations, which are typical for the transition metal ions in insulating oxides, may, possibly, improve agreement between a theory and an experiment. However, the simplest LDA+U -like methods [31] will not help in this situation. This method tends to stabilize a solution with local spin moments forming a long range magnetic order and breaks molecularorbitals, which are a driving force of a dimerization. As a result LDA+U would always favour an uniform, non-dimerized structure. More appropriate in this situation would be cluster LDA+DMFT calculations [32] , which take into account on equal footing both a formation of molecular-orbitals and strong Coulomb correlations. However, presently it is impossible to calculate forces and optimize the crystal structure within the cluster LDA+DMFT approach for real materials.
CONCLUSION
To sum up, in the present paper we predict a structural phase transition to dimerized phase in Na 2 RuO 3 at pressure ∼ 3 GPa. One may expect that this transition will be accompanied by strong changes in the magnetic and electronic properties, related to the formation of the spin gap and strong bonding-antibonding splitting. These changes might be detected by the susceptibility measurements and by the X-ray and optical spectroscopy. Interestingly similar transition (and at similar pressures ∼ 3 GPa) to the dimerized phase was recently observed in α−Li 2 IrO 3 [33] , which also (as Na 2 RuO 3 ) has undimerized lattice at normal conditions.
